###### Highlights

-   Biochemical nature of sulfide and its metabolites include polysulfide/reactive sulfur species.

-   Synthesis and metabolism of reactive sulfur species may occur through different enzymatic pathways.

-   Reactive sulfur species/polysulfides participate in cardiovascular pathophysiology.

-   Genetic polymorphisms of CSE (cystathionine gamma-lyase; or CTH) implicated in cardiovascular disease.

Nearly 2 decades later, hydrogen sulfide (H~2~S) is now established as a crucial signaling molecule and a key regulator of biological functions. While much has been revealed regarding the importance of H~2~S, its molecular signaling, synthesis, and metabolism pathways are still much unclear.^[@R1]--[@R5]^ As a byproduct of the transsulfuration pathway, H~2~S is known for its pathophysiological roles in various tissues and organs, including the regulation of neuronal and vascular systems, cardioprotection, protection from ischemic insult and wound repair, and insulin release. However, the chemical nature of H~2~S is purported to translate to many biological and biochemical associations reported in the literature. It is likely an oversimplification to conclude that this single molecule in its primary biochemical state alone mediates all the reported signaling and biological effects. Thus, it is prudent to consider the hypothesis that the presence of other chemical intermediates or derivatives of sulfide may mediate many biological functions. Indeed, it is now appreciated that a wide range of sulfide metabolites may be produced via the transsulfuration enzymes CBS (cystathionine beta-synthase) and CSE (cystathionine gamma-lyase) besides H~2~S. These metabolites including persulfides (RSSH), polysulfides (RSS~(n)~H), and other oxidized sulfide species represent a group of reactive molecules called reactive sulfur species (RSS) and have been identified as signaling agents themselves associated with many biological activities.^[@R6]^ Therefore, H~2~S represents only a portion of sulfur-containing molecules that contribute to bioavailable RSS with other molecules contained in acid-labile sulfide (eg, iron-sulfur clusters, not a focus of this review) and bound sulfane sulfur (BSS; eg, persulfides, polysulfides, and others; Figure [1](#F1){ref-type="fig"}A).

![**Biochemical nature and species of reactive sulfur species (RSS).** **A**, Various biochemical forms of reactive sulfur including free hydrogen sulfide (H~2~S), acid-labile sulfide (eg, iron-sulfur clusters), and bound sulfane sulfur. **B**, Various sulfide species associated with different biochemical sulfur-containing molecules. Three categories of sulfur-containing molecules involve protein thiols, H~2~S itself, and small-molecular-weight thiols (R designates molecules such as GSH or cysteine).](atv-40-874-g001){#F1}

**Please see [www.ahajournals.org/atvb/atvb-focus](www.ahajournals.org/atvb/atvb-focus) for all articles published in this series.**

RSS: a New Cousin to Reactive Oxygen Species and Reactive Nitrogen Species
==========================================================================

Reactive oxygen species (ROS) and reactive nitrogen species can contribute to redox signaling, mediating changes in pathophysiological responses at cellular and tissue level. Reactive nitrogen species include various NO-derived compounds that play a crucial role in the regulation of many pathophysiological conditions via posttranslational modifications and interactions with ROS.^[@R7],[@R8]^ This includes regulation of cell injury and death and pathological events including neurological and cardiovascular pathologies and metabolic and inflammatory diseases. However, the role of RSS beyond cellular antioxidant systems only recently has gained attention but remains ambiguous. Sulfide metabolites comprising RSS may exist in different chemical forms (Figure [1](#F1){ref-type="fig"}A). Our group and others have shown that sulfide may be available in biochemical pools including free sulfide, acid-labile sulfide, and BSS.^[@R9],[@R10]^ Moreover, RSSs encompass sulfur-containing reactive biomolecules from small molecules to proteins (Figure [1](#F1){ref-type="fig"}B).^[@R11],[@R12]^ Sulfane sulfurs are small-molecular-weight thiols or protein thiols bound with sulfur atoms having an oxidation state 0 or −1. Representative RSSs include H~2~S, protein thiols (PSH), small-molecular-weight thiols (RSH), hydrogen persulfide/polysulfide (H~2~S~n~; n≥2), small-molecular-weight thiol persulfide (RSSH), protein persulfide (PS-SH), various polysulfides (RSS~(n)~H, RSS~(n)~R, and H~2~S~n~; n\>1), sulfenic acids (RSOH), nitrosothiols (RSNO), and various sulfide bridge forms (PS-SR, RS-S-SR, and RS-S~n~-SH).^[@R12],[@R13]^ Most RSSs are known to be unstable and reactive. This is reflected by the fact that the sulfur atom (S) can accept or donate electrons and exist in a wide range of oxidation states between −2 and +6, which plays an import role in many biochemical and chemical biological processes.^[@R12],[@R14]^ Evidence indicates that polysulfides, rather than H~2~S itself, mediate protein sulfuration (aka sulfhydration) of reduced protein thiol (RSH) target proteins resulting in the formation of protein persulfide (RSSH) as the sulfur in both H~2~S and reduced thiol (RSH) have the same valency state and cannot react with one another.^[@R15]--[@R17]^ On the other hand, H~2~S can lead to the formation of polysulfide via reaction with sulfenic acid (RSOH) or RSNO resulting in the formation of the persulfide (RSSH) moiety. These 2 pathways alone hint at the significant degree of chemical complexity associated with RSS while highlighting their ability to react with both ROS and reactive nitrogen species metabolites.

Several functional similarities exist between ROS and RSS that are beginning to reveal a rich and previously unappreciated biochemical relationship. It has even been proposed that there could be a misinterpretation of RSS-mediated functions equated to that of ROS and vice versa, as reviewed elsewhere.^[@R18]^ The presence of both RSS and redox reaction mechanisms dates back to the origin of life over 4 billion years ago. For nearly the first 2 billion years of our planetary history, the environment was dominated by ferruginous- and then euxinic (H~2~S)-rich oceans.^[@R19]^ During this time, the evolution of early eukaryotic cells and ancient biochemical enzyme reaction pathways came into being followed by the Great Oxidation Event. The free radical and redox biology fields have long proposed that existing oxidant-antioxidant relationships came about in response to the Great Oxidation Event as a way for organismal adaptation and survival. While this may be true, it is also clear that RSSs were present before an abundance of oxygen and recent evidence reveals that ancient enzymes involved in antioxidant actions, such as catalase and superoxide dismutase, are also potent oxidoreductases for RSS.^[@R20],[@R21]^ As such, RSSs likely serve as important biological redox mediators through participation in nucleophilic-electrophilic reactions, with thiols (RSH) being nucleophilic, disulfides (RSSR; aka oxidized thiol) being electrophilic, and persulfides (RSSH) being either electrophilic or nucleophilic upon deprotonation (RSS^−^). Their significant abundance further suggests the biological importance of these molecules with RSS (eg, persulfide/polysulfide) having been reported in the low-to-mid micromolar range, depending on the tissue and cell type studied.^[@R5],[@R22]^ Unfortunately, our understanding of these RSS metabolites and how they contribute to cardiovascular pathophysiology remains essentially unknown, thereby requiring much more study.

Chemical Nature of Thiol, Sulfide, and RSS
==========================================

Chemically, all acid-base and redox reactions can be determined in terms of electrophiles and nucleophiles. Electrophiles are neutral or charged atoms that are electron deficient. While nucleophiles are electron rich that will react to decrease their electron density, they can be neutral or charged and tend to have negative charges. However, there are neutral molecules that are both electrophiles and nucleophiles. Chemically, H~2~S has reductive and nucleophilic properties that contribute to its physiological actions. Importantly, as indicated above, persulfides can exhibit a dual nature, as a nucleophile and an electrophile. While persulfides can have enhanced nucleophilicity with the corresponding thiol, the inner and outer sulfurs can both act as electrophiles.

Thiols (RSH) play critical roles in regulating redox signaling, cellular functions, and in improving protein structure and stability.^[@R16]^ Thiols are also the redox currency of the major intracellular redox buffer, glutathione, and a cadre of redox enzymes, such as peroxiredoxins, Trx (thioredoxins), Trx reductases, glutaredoxins, and glutathione reductases, are used to maintain this balance. Renewed interests have recently led the research community to study thiol chemistry and biological implications including (1) thiol role to generate H~2~S, which is now an established regulator of biological functions, and (2) identification of various thiol/sulfide compounds that may have potential biological significance. Importantly, thiols can regulate cellular processes through protein modifications, including S-sulfhydration/sulfuration (PS-SH), S-glutathionylation (PS-SG), and cysteinylation (PS-S-Cys).^[@R11],[@R23]^

RSS Formation in Biology
========================

H~2~S exists at physiological pH and 37°C in various forms of gas H~2~S (≈20%), H~2~S ion (HS^−^, ≈80%), and sulfide ion (S^2−^, \<0.1%). H~2~S is predominantly produced by CBS in the nervous system and CSE in the vascular system using homocysteine, cystathionine, or L-cysteine as substrates (Figure [2](#F2){ref-type="fig"}).^[@R24]--[@R26]^ Importantly, CBS and CSE can also use cystine (CysSSCys) as a substrate forming cysteine persulfide (CysSSH), which is biologically relevant.^[@R22]^ Per- and polysulfides are not only formed enzymatically but can also be carried by proteins such as plasma albumin, which has the ability to bind \`and transport sulfane sulfur.^[@R27]^ There are several biologically relevant oxidants that can support oxidation of H~2~S. H~2~S can be oxidized by 1- or 2-electron oxidant pathway with varied rate constants described in Figure [2](#F2){ref-type="fig"}. For 2-electron oxidation, the bimolecular rate constant between hydrogen peroxide (H~2~O~2~) and sulfide is 0.73 M^−1^ s^−1^. For the 1-electron oxidation, the sulfhydryl radical (HS·) can be produced, following a series of radical chain reactions that results in persulfide formation. Additionally, MST (3-mercaptosulfotransferase) has the ability to generate per/polysulfides apart from H~2~S.^[@R28]^ MST obtains sulfur from 3-mercaptopyruvate to produce MST polysulfide, which can be reduced by Trx to release H~2~S~n~, such as H~2~S, H~2~S~2~, H~2~S~3~, and others. MST can transfer the sulfur atom from 3-mercaptopyruvate to its catalytic site (Cys248) to form MST persulfide (MST-SSH) or form H~2~S~3~.^[@R29],[@R30]^ Moreover, SQR can catalyze the oxidation of H~2~S to sulfane sulfur, with this sulfane sulfur metabolized to sulfite leading to the formation of thiosulfate or glutathione persulfide.^[@R31],[@R32]^ GSSH may also react with glutathione disulfide (GSSG) to produce the glutathione trisulfide (GSSSG) or GSSSSG. Importantly, all of these oxidized glutathione species can be reduced by glutathione reductase to form glutathione per/polysulfide.^[@R33]--[@R35]^

![**Formation and metabolism of reactive sulfur species.** Transsulfuration enzymes CBS (cystathionine beta-synthase) and CSE (cystathionine gamma-lyase) use substrates homocysteine, cystathionine, or cysteine to generate hydrogen sulfide (H~2~S). H~2~S may subsequently react with reactive oxygen species (eg, superoxide) resulting in sulfide radical formation leading to persulfide formation. Rate constants (M^−1^ s^−1^) are shown for each reaction indicating that H~2~S reacts more quickly with superoxide vs hydrogen peroxide. CARS (cysteinyl-tRNA synthetase) enzyme activity also contributes to cysteine persulfide formation that may be translationally incorporated into nascent polypeptide formation. PP indicates pyrophosphate; and tRNA, transfer RNA.](atv-40-874-g002){#F2}

Recently, the CARS (cysteinyl-tRNA synthetases) group of enzymes have been identified to generate per/polysulfides and RSS, which can regulate different protein functions. Cysteine persulfide and polysulfide are produced in cells and are abundant in low-molecular-weight proteins and protein fractions. However, the physiological functions of cysteine persulfides/polysulfides produced in cells remain poorly understood. Results from Akaike et al have established CARS (CARS-1 and 2) as novel enzymes that can synthesize persulfides. CARS catalyzes the transfer of sulfur from one cysteine to another cysteine forming a cysteine persulfide and polysulfide.^[@R15]^ CARS2 being the mitochondrial isoform of CARS predominantly produces RSS that contributes to mitochondrial function.^[@R15],[@R36]^ However, how these reactive sulfur molecules are formed, or what role they play within cells and tissues, has not been well defined. Additionally, the bioavailable concentrations of different RSS metabolites including per/polysulfides, their intracellular localization, and chemical reactivity with other molecules remain unknown under healthy versus pathological cardiovascular conditions.

Among nonenzymatic reactions, H~2~S can form persulfide and polysulfide through various reactions involving ROS such as superoxide (Figures [1](#F1){ref-type="fig"}B and [2](#F2){ref-type="fig"}). Superoxide can oxidize H~2~S resulting in thiyl radical formation that can react with hydrosulfide (HS^−^) anion to generate perthiyl radical leading to further polysulfide formation. H~2~S in its gaseous form does not readily react with oxygen but under aqueous conditions can be oxidized to hydrogen thioperoxide (HSOH), sulfurous acid (H~2~SO~3~), thiosulfuric acid (H~2~S~2~O~3~), and other small oxoacids of sulfur including sulfenic (HSOH), sulfoxylic (HS\[O\]OH), and thiosulfoxylic acids (H~2~S~2~O~2~).^[@R37]^ HSSH can react with other sulfane sulfur to produce hydrogen polysulfide (HSS~n~SH; n\>1). As mentioned earlier, sulfenic acid (RSOH) and S-nitrosothiols (RSNO) can also react with H~2~S forming persulfide.^[@R38]^ Lastly, some metal centers can oxidize H~2~S to form sulfhydryl radical (HS·), which can react with free thiols, ultimately generating persulfide and polysulfide.^[@R39],[@R40]^

Bioavailability and Biological Significance of RSS
==================================================

RSS can be formed as byproduct of major thiols or as a result of oxidation of sulfite or sulfate molecules. Per/polysulfides have been identified in mammalian and other biological systems with possible involvement in various cellular functions. Intracellular cysteine persulfide and polysulfide exist in abundance in both low-molecular-weight proteins and protein fractions. Recent works focused on detection techniques have determined the levels of per/polysulfides levels in biological systems.^[@R12],[@R15],[@R16],[@R36],[@R41]--[@R43]^ Various assays including monobromobimane LC-MS/MS, polarographic electrode, and chemiluminescence/fluorescent probes have revealed per/polysulfides of cell culture and tissue lysates to range from low micromolar to nano/picomolar concentrations (Table).

###### 

RSS Measurement and Bioavailability

![](atv-40-874-g003)

BSS pools predominantly include per- and polysulfides, which can subsequently release H~2~S under reducing conditions. The clinical relevance of sulfide pools, including BSS, has recently been demonstrated by our group showing that plasma H~2~S metabolite bioavailability can be a predictive indicator for cardiovascular disease (CVD).^[@R44]^ In this study, we have reported that the BSS levels were significantly reduced in subjects with CVD compared with those without disease. This underscores the importance of cellular redox state for regulating H~2~S bioavailability and also suggests a role for BSS in cardiovascular health.

Studies on exogenous H~2~S delivery have suggested that oxidized sulfur species, including sulfane sulfur, may mediate physiological functions that were thought to be solely H~2~S driven.^[@R18],[@R58]^ Although H~2~S is a short-lived molecule, numerous studies demonstrated its prolonged biological effects in mammalian systems. Apart from the exogenous formation of inorganic polysulfides in a solution of NaHS, the existence of endogenous inorganic polysulfides has also been demonstrated.^[@R59]--[@R61]^

Atherosclerosis is a chronic progressive disease manifesting in clinical CVD. Atherosclerosis is a complex process involving endothelial dysfunction and vascular inflammation, among others. Interrelation between H~2~S and atherosclerotic progression has recently been appreciated.^[@R62]--[@R64]^ Wang et al^[@R63]^ demonstrated that CSE/H~2~S pathway was disturbed in the vasculature of apoE (apolipoprotein E)^−/−^ mice. A significant decrease in H~2~S bioavailability was observed in the plasma and aorta of apoE^−/−^ mice but a higher CSE expression in aorta. However, exogenous NaHS therapy inhibits proatherogenic and inflammatory effects in apoE^−/−^ via IkB degradation and thus NF-κB (nuclear factor-kappa B) signaling pathway. Further, Mani et al^[@R62]^ have demonstrated that decreased endogenous H~2~S bioavailability leads to early development of atherosclerosis. They observed that CSE-knockout mice fed with high-fat diet have increased proatherogenic symptoms including elevated cholesterol-rich lipoproteins, aortic lesions, enhanced aortic intimal proliferation, and proinflammatory signaling. Additionally, CSE/apoE double-knockout mice have further exacerbated atherosclerosis development than single-gene knockouts.^[@R65]^ CSE deficiency can increase neointima formation in ligated carotid arteries, which was attenuated by sulfide therapy. The proatherogenic effects were significantly reduced either by exogenous sulfide treatment or global CSE overexpression.^[@R62],[@R66]^ These studies indicate that CSE/sulfide metabolite signaling regulates atherogenesis via inflammatory signaling.^[@R62]--[@R64]^ Elevated homocysteinemia can also lead to impairment in macrophage CSE/polysulfide production that eventually causes vascular inflammation in mice mediated by elevated proinflammatory cytokines TNF-α (tumor necrosis factor-α) and IL-1β (interleukin-1β).^[@R67]^ Additionally, homocysteinemia can also elevate DNA hypermethylation eventually repressing CSE transcription.

Work from our group has identified a unique relationship between shear flow pattern-specific CSE expression and endothelial cell phenotype.^[@R68]^ In this study, Yuan et al reported that laminar shear significantly reduced CSE protein expression and polysulfide production, whereas disturbed flow regions show elevated CSE in endothelial cells. Concurrently, in vivo model showed higher CSE expression where aortic curvature is lesser compared with the greater curvature. Change in CSE expression under disturbed flow protects against inward vascular remodeling. Additionally, CSE^−/−^ mice showed reduced inward remodeling where it remains dilated under reduced shear indicating compromised regulation in vascular remodeling after partial carotid ligation. These observations indicate that CSE protects proatherogenic condition by promoting flow-mediated vascular remodeling and reduced endothelial activation (Figure [3](#F3){ref-type="fig"}A). Lack of CSE also limits disturbed flow-induced proinflammatory signaling including ICAM-1 (intercellular adhesion molecule-1) and VCAM-1 (vascular cell adhesion molecule-1) gene expressions and monocyte infiltration mediated by NF-κB.^[@R68]^ Recently, work from Bibli et al^[@R69]^ confirmed our observations revealing that expression of CSE was higher in the lesser curvature and arterial bifurcations. CSE critically maintains low arterial CD62E levels to minimize monocyte adhesion at sites of low or disturbed flow to minimize monocyte-mediated inflammation. Exogenous polysulfide through SG1002 or CSE overexpression restored sulfhydration of HuR (human antigen R) and reduced CD62E (E-selectin) protein expression to attenuate monocyte adherence (Figure [3](#F3){ref-type="fig"}B). However, in inflammatory conditions, this protective mechanism was lost due to phosphorylation (on Ser377) and inactivation of CSE.^[@R69]^ These studies suggest that defective CSE/polysulfide signaling can lead to accelerated development of endothelial dysfunction and atherosclerosis, which can be rectified via CSE/polysulfide therapy. Furthermore, Bibli et al^[@R65]^ reported a paradigm in which endothelial CSE may prevent atherosclerosis development and redox regulation via a loss of Prx6 (peroxiredoxin 6) sulfhydration. Interestingly, the polysulfide donor SG1002 could restore Prx6 sulfhydration in CSE-deficient ECs attributing the beneficial effects of polysulfide to attenuate atherosclerosis development. However, much uncertainty remains regarding the distinct roles of CSE and other sulfur species in shear stress and vascular remodeling that warrants additional studies to better understand specific mechanistic pathways.

![**CSE (cystathionine gamma-lyase)/polysulfide modulates vascular remodeling responses.** **A**, CSE expression and sulfane sulfur production are enhanced by disturbed flow in conduit vessels. Enhanced CSE increases macrophage recruitment in areas of disturbed flow that induces flow-mediated vascular remodeling. CSE knockout conditions have reduced polysulfide following partial carotid artery ligation, leading to defective inward remodeling, and a dilated vascular phenotype due to elevated NO bioavailability in CSE knockout carotid arteries. **B**, CSE-derived polysulfide inactivates HuR (human antigen R) via S-sulfhydration and attenuates CD62E expression that consequently regulates vascular inflammation and atherogenesis. Defective CSE/polysulfide leads to activation of HuR and subsequent CD62E stability that induces EC dysfunction and atherogenesis. **C**, CSE-derived sulfur species increase endothelial solute permeability via regulation of endothelial junction proteins claudin 5 and VE-cadherin and enhanced actin stress fiber formation. CD62E indicates E-selectin; EC, endothelial cells; IL-1β, interleukin-1β; and VE-Cadherin, vascular endothelial cadherin.](atv-40-874-g004){#F3}

We have previously demonstrated that endogenous BSS regulates endothelial barrier functions.^[@R61]^ Our data revealed that endothelial solute permeability is critically regulated via exogenous and endogenous sulfide bioavailability with a dominant role of polysulfides. Polysulfides induced endothelial junction disorganization leading to increased vascular permeability.^[@R61]^ Additionally, we found that CSE regulates endothelial barrier integrity through regulation of endogenous polysulfide production. Genetic deficiency of CSE in endothelial cells significantly reduced the BSS pool compared with wild-type cells, which was associated with decreased basal endothelial permeability (ie, tighter barrier function).^[@R61]^ In comparison with exogenous sulfide donors such as NaHS, the polysulfides including Na~2~S~2~, Na~2~S~3~, and Na~2~S~4~ elicited a much stronger increase in endothelial solute permeability and loss of endothelial barrier function (Figure [3](#F3){ref-type="fig"}C). In another study, the Pluth Laboratory reported that the polysulfide diallyl trisulfide and synthetic polysulfides regulate cell proliferation of a murine brain endothelial cell line.^[@R64]^ Their work demonstrated trisulfide and tetrasulfide release H~2~S via thiol-mediated reduction in the presence of cysteine or reduced glutathione associated with bEnd.3 cell viability.^[@R64]^ These studies highlight that rather than just H~2~S, per- and polysulfides are equally capable of regulating various endothelial cell functions.

Works from the Akaike Laboratory have shown that the enzyme CARS, which generates cysteine persulfides, can regulate cellular functions including mitochondria function and bioenergetics.^[@R36],[@R43],[@R70]^ Activation of TRPA1 in rat astrocytes has been induced by polysulfide donors more effectively than exogenous H~2~S donors.^[@R71],[@R72]^ Similarly, induction of Keap1/Nrf2 (Kelch-like ECH-associated protein 1/nuclear factor erythroid 2-related factor 2) activation has been observed in neuronal cells by polysulfide donors.^[@R71]--[@R73]^ Moreover, garlic-derived polysulfides have long been well known to possess antitumor effects.^[@R74]^ However, further study is needed to elucidate the antitumor mechanisms of inorganic polysulfides and to differentiate their role from exogenous H~2~S. Lastly, recent work from Zhang et al^[@R75]^ has observed that cellular polysulfides may play a role in the regulation of inflammatory signaling and can be a potential target for inflammatory disorders. This group demonstrated that polysulfides desensitize macrophages to TLR4 (Toll-like receptor 4) and negatively regulate TLR4-mediated proinflammatory signaling. However, these observations require further study in CVD and inflammatory model systems.

Lefer et al have provided insights into cardioprotective role of sulfide and polysulfide in various models of CVD and cardiovascular injury. Exogenous H2S delivery or endogenous CSE overexpression and H~2~S modulation has been therapeutically beneficial for ischemic heart failure.^[@R76]--[@R79]^ Modulation of endogenous H~2~S through cardiac-specific CSE overexpression has cardioprotective effects.^[@R77]^ In a mouse model of myocardial ischemia-reperfusion, exogenous H~2~S delivery during reperfusion inhibited myocardial inflammation, reduced infarct size, and preserved left ventricular function. There was a significant reduction in myocardial injury and cytoprotection in the model of myocardial ischemia-reperfusion in mice with cardiac-specific CSE overexpression. Exogenous donor diallyl trisulfide rescued from myocardial injury in a murine model of myocardial ischemia/reperfusion.^[@R78]^ Diallyl trisulfide therapy not only reduced myocardial infarct size but also improved myocardial contractile function, preserving mitochondria function. These events were mediated via extended endogenous H~2~S release, increased eNOS activity, and NO metabolites.^[@R78]^ Similarly, Goodchild and et al^[@R79]^ demonstrated cardio- and vasoprotective effects of sulfide prodrug, SG1002, in a porcine model of peripheral arterial disease (PAD). Sulfide prodrug preserved vessel density and improved endothelial-dependent coronary artery vasorelaxation in critical limb ischemia model via H~2~S/NO metabolite signaling. These observations are in conjunction with our clinical study that reported a significant decrease in the levels of total, acid-labile, and bound sulfane sulfide in plasma samples of subjects of vascular disease including CVD and PAD.^[@R44]^ This implicates the association of polysulfide to CVD, which needs extensive studies.

Genetic polymorphisms of CSE/CTH may also be implicated in various disease conditions including CVD.^[@R80]^ As discussed earlier, we observed variations in H~2~S metabolite levels in CVD.^[@R44]^ Interestingly, we found polymorphisms in CSE/CTH gene were associated with the risk of CVD. A significant increase in CSE (CTH) 1364 G-T allele frequency was observed in patients with CVD compared with controls. These findings were concurrent with reduced plasma H~2~S/BSS bioavailability changes in CVD.^[@R44]^ However, future clinical studies are needed to identify the significance and relevance of polysulfide as a biomarker of any pathology as different ethnic populations may not be similarly influenced by genetic polymorphisms.^[@R81]^ A case-controlled GWAS in Greek population has investigated previously documented 9 SNPs^[@R82]^ and compared composite genetic risk scores associated with CHD that would impact high-risk alleles.^[@R83]^ Changes in genetic risk scores have only modestly improved CHD risk prediction; however, there was a lack of distinction between ischemia and hemorrhagic stroke for their relevance into CHD-specific risk alleles. Moreover, few of the CHD-associated SNPs that were identified previously were not found in Greek populations. These observations suggest that ethnic differences could play a substantial role in CVD-associated genetic variations, which warrants further studies based on ethnic populations.

Conclusions
===========

While H~2~S is considered a signaling molecule and regulator of many biological functions, it is clear that RSSs have similar properties. Moreover, specific chemical forms that are associated with biological functions remain inconclusive, as do specific stimuli mediating their formation and tissue and cellular distribution. Understanding bioavailable levels of endogenous persulfide/polysulfide will shed important light into developing strategies for various cardiovascular pathological conditions. Other pertinent questions also remain such as What biological chemistry conditions trigger the enzymatic release of per/polysulfide? What factors mediate their release and balance with H~2~S bioavailability? How does the redox status of cellular microenvironments influence the generation and bioavailability of per/polysulfide? What is the differential role and importance of per/polysulfide formation through redox reactions versus enzymatic synthesis (eg, CARS)? Additionally, genomics and metabolomics approaches may also reveal new mechanisms of per/polysulfide formation and metabolism impacting cellular signaling and function. In summary, it is imperative to understand the pathophysiological importance of RSS per- and polysulfides, which will provide new insight into sulfide biology while identifying novel therapeutic strategies for CVD.
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